Abstract-This paper finds photovoltaic (PV) hosting capacity of power distribution network considering a number of PV injection nodes, reactive power support from PVs, and control of load tap changers (LTCs). In the developed method, several minute by minute simulations are run based on randomly chosen PV injection nodes, daily PV output profiles, and daily load profiles from a pool of high-resolution realistic data set. The simulation setup is built using OpenDSS and MATLAB. The performance of the proposed method is investigated in the IEEE 123-node distribution feeder for multiple scenarios. The case studies are performed particularly for one, two, five, and ten PV injection nodes looking at the maximum voltage deviations. Case studies show that the PV hosting capacity of the 123-node feeder greatly differs with the number of PV injection nodes. We have observed that distributed PVs increase hosting capacity of the feeders compared to large PVs at few nodes. We have also observed that the PV hosting capacity increases with reactive power support and with the control of LTCs.
I. INTRODUCTION
Power distribution systems are generally designed to accommodate power flow in one direction. This operating philosophy is changing, especially since the last decade, as more and more distributed energy resources (DERs) are integrated into power distribution systems. As the price of solar technologies is dropping and with the advancements in inverter technologies, integration of renewable energy resources, particularly photovoltaic (PV) systems, are increasing in distribution feeders. Renewables account for a rising share of the world's total electricity supply, and they are the fastest growing sources of electricity. Total generation from renewable resources increases by 2.9%/year, as the share of renewable in the world's electricity generation grows from 22% in 2012 to 29% in 2040 [1] . Such large scale deployment of DERs causes challenging issues in distribution system planning and operations. For example, as the PV causes reverse power flow, distribution feeders are likely to have overvoltage issues when solar irradiance is at peak in the afternoon and power consumption is at minimum [2] , [3] .
Distribution system planners and operators need to know the maximum permissible PV power injection into the feeders, which is referred as the PV "hosting capacity". In [4] , hosting capacity is defined as the total PV that can be injected on a given feeder without adverse impacts on voltage, protection, and power quality, and also without any feeder upgrades or modifications. In [5] , hosting capacity is referred as the maximum PV size that does not violate any operating constraints when PVs are connected to any valid node on the feeder. In fact, these definitions of hosting capacity incorporates that the voltage magnitudes at load nodes in the feeder should remain within the ANSI standards. If the PV hosting capacity of a system can be determined properly, system operators may take timely remedial actions to mitigate the overvoltage issues for reliable operations of distribution grids.
Generally, at planning stage, not much attention is given regarding installation of small-sized distributed PVs since the utilities may find it impractical due to the number of personnel it requires and due to the expectation of negligible impacts [6] . However, with large-scale deployment of distributed PVs, secure operating limits of distribution feeders may be violated. This is demonstrated using a method developed by EPRI [6] , in which PV capacity is systematically increased in distribution feeders to determine the maximum PV capacity that would not violate the operating limits. Similarly, in [7] , the locational dependence of PV hosting capacity was investigated where the impact of PV on voltages was determined by taking distance and feeder impedance from the substation to the injection node. In [8] , a faster streamlined methodology is proposed to determine PV hosting capacity where the authors use power flow simulations and short circuit analyses to capture the electrical and consumer dynamics through a sequence of impact studies.
There are also ongoing research activities to increase the PV hosting capacity in distribution feeders. For example, reactive power support is used to improve the PV hosting capacity in [9] , [10] . In [11] , both reactive power support and storage system are used to increase the PV hosting capacity. Optimization based approaches are developed in [12] , [13] to size combined PV and storage system to increase the hosting capacity. In [14] , an optimization based approach is proposed to increase feeder hosting capacity by using feeder reconfiguration switches, and in [15] , this idea is extended for larger systems. Similarly, an optimization 978-1-5836-1953-7/17/$31.00 c 2017 IEEE based method to improve PV hosting capacity using energy storage system is proposed in [16] , and case studies are discussed for a Danish Low Voltage feeder. The locational sensitivities of the PV hosting capacity are analyzed in [17] ; it was shown that the PV hosting capacity is locational dependent, and higher PV hosting capacity could be obtained if PV injection nodes are apart shorter distances with smaller impedance.
This study determines the PV hosting capacity in distribution feeders by taking several simultaneous PV injection nodes into consideration. In the proposed approach, we first randomly select candidate PV locations. Then, we select representative data set of high-resolution (minute by minute) load profiles and historical solar irradiance to find PV output. Next, several power flow analyses are run with randomly chosen PV injection nodes, load profiles, and PV output power profiles. Then, the PV outputs are gradually scaled up, simulations are rerun, and maximum voltage deviations are recorded. We also perform these simulations assuming reactive power support from PVs and the tap changer position of the voltage regulators. This paper follows the similar procedures developed from EPRI and NREL as in [6] , [18] , and contributes the following. It demonstrates: a) that the PV hosting capacity are location dependent, b) PV hosting capacity can be increased if small distributed PVs are used compared to large PV at few nodes, and c) the hosting capacity of PV can be increased with LTC and reactive power injections from the PV inverters.
The rest of the paper is organized as following. Section II provides details on data preparation process. Section III provides the algorithm to determine the PV hosting capacity. Section IV discusses the case studies carried out for the IEEE 123-node test feeder. Section V provides the main conclusions drawn from the case studies and the future scope of the work.
II. DATA PREPARATION
Simulation requires two set of data to find the PV hosting capacity: solar irradiance data to calculate PV output power profiles and load profiles. Data preparation process is shown in Fig. 1 , and briefly discussed next. 
A. Daily PV Output Profiles
Simulations use daily solar irradiance data obtained from Aurora, Colorado for the year 2015 [19] . These daily minute by minute irradiance data are converted to output power and scaled in the range of 0 to 1. The scaled daily PV power outputs for one year are given in Fig. 2 . Fig. 3 shows four sample daily PV outputs for randomly chosen days.
B. Daily Load Profiles
The daily load profiles used in this study are obtained from National Grid. First, hourly load profile data for one year is obtained, and are normalized. Then, interpolation technique (cubic spline) was used to create minute by minute daily load profiles for one year. Fig. 4 shows 365 normalized daily load profiles used in the simulation. The load data given in the IEEE report [20] for the test feeder are taken as peak and adjusted for 24-hour daily profiles using the normalized load profiles in Fig. 4 .
III. ALGORITHM
The algorithm for determining the hosting capacity is summarized in the Algorithm 1. The procedure starts with randomly selecting n PV injection nodes out of total m nodes. In this case, we simulate for n=1, 2, 5, and 10; and m is 85, which represents nodes with connected loads in the IEEE 123-node feeder. The 4.16 kV feeder has single phase circuits as well. To accommodate single phase nodes in the analyses, we have used PV injection per phase. However, at three-phase nodes in the 4.16 kV, on each phase PV injections are made the same, which is equivalent of saying three-phase PV systems.
Result: Max. voltage magnitudes of all nodes for each minute in a day.
Randomly pick n PV installation node(s) from m candidate nodes. Randomly pick n daily PV output profile(s) from the pool of 365 sample profiles. Randomly pick daily load profiles for all nodes from previously obtained 365 sample load profiles. for i=1:r do for p = 20 kW to 2500 kW with 20 kW increments do Run minute based daily load flow. Obtain and save the maximum of all node voltage magnitudes. end end Algorithm 1: Algorithm for determining PV hosting capacity.
We choose n random daily normalized PV output profiles from the pool of 365 sample profiles, where one profile corresponds to one PV injection node. Next, we choose the PV output power (p) in kW and scale the normalized PV profile accordingly. Similarly, we choose m random daily normalized load profiles from the pool of 365 sample profiles. Each load profile corresponds to one load connected node. Then, we take the base load (kW) at all nodes and scale that based on the randomly selected normalized load profiles. For PV size, we begin with p=20kW. We run r number of daily (minute by minute) simulations for a particular PV capacity (p). In this case, we choose r = 10. Then, for each value of n, we repeat the procedure r times for a particular value of p. We increment PV capacity (p) by 20 kW and simulate up to 2,500 kW. On each simulation, which in fact running power flow with 24-hour time-series PV injection and load profiles, we record the maximum of all nodal voltages.
IV. CASE STUDIES
The IEEE 123-node distribution feeder [20] , [21] is used as test network to demonstrate the performance of the proposed algorithm. The simulation environment is setup using OpenDSS [22] , [23] and MATLAB. Nodes, loads, and PV profiles are randomly chosen in MATLAB, which are then sent to OpenDSS for solving the power flow. The results from OpenDSS are sent back to MATLAB for analysis. Fig. 5 shows the IEEE 123-node feeder with 85 candidate PV injection nodes (red circles). Candidate nodes are the nodes with connected loads and represent possible sites for distributed PVs. The economic and technical aspects to chose candidate PV location are not considered in the simulation.
We simulate three different scenarios:
• Scenario-1: This scenario keeps the tap positions of the voltage regulators to some initial values and doesn't change them during simulations. It also assumes that the PVs don't provide or consume reactive power. The regulators' initial voltage are given in Table I . By disabling the regulator control functions in OpenDSS, we keep the voltage regulator tap positions constant. 1.00156
• Scenario-2: This scenario assumes that the PVs may inject reactive power to the system by using inverter technology. In this scenario, the apparent power of the PVs, and the active power outputs are known, and the reactive power outputs in the fourth quadrant are determined assuming a 0.9 power factor using equation, S 2 = P 2 + Q 2 . Similar to previous scenario, the tap positions of the voltage regulators are kept to the same initial values given in Table I and are not changed during simulations.
• Scenario-3: This scenario uses the same reactive power support philosophy of Scenario-2. The tap positions of the voltage regulators are also kept at some initial values and are not changed during simulations. The only difference is that the initial voltage magnitude of the regulators are set based on tap position of 0 (lower than Scenario-1 and -2). A. Case A: Single PV Injection Node Fig. 6 shows recorded maximum node voltage magnitude versus maximum power injection of PV in case of single PV injection node for three scenarios. Based on the approach described in [6] , we can define three regions for each scenario from the scattered plots shown in the Fig. 6 , which correspond to different feeder hosting capacities. Note that blue, red, and green scattered plots represent Scenario -1, -2, and -3 respectively in Fig. 6, 7, 8 and 9 . Dashed vertical lines separate the regions.
For instance, in Scenario-1, integration of PVs upto to 240 kW does not cause any voltage violation issues (maximum node voltage less than 1.05 p.u.) regardless of the injection node. On the other hand, between 240 to 1,720 kW, overvoltage issue may arise depending on the PV injection node. For single PV injection node, we observed that when PV injection exceeds 1,720 KW overvoltage problem always occurs independent of the injection node.
We observed that the PV hosting capacity increases to 360 kW in Scenario-2 (with reactive power support from PVs), and 660 kW in Scenario-3 (with reactive power support from PVs and tap control). Up to our limit of 2,500 kW PV injection, in Scenario-2 and -3, overvoltage issues were seen but were location dependent.
Note that horizontal lines with blue, red and green colors represent the average maximum node voltage values of Scenario-1, -2, and -3, respectively in Figures 6, 7, 8  and 9 . Black horizontal line shows the overvoltage limit 1.05 p.u. in all these figures. From Fig. 6 , we observe average maximum node voltages of 1.1456, 1.0810, and 1.0627 p.u. for Scenario-1, -2, and -3, respectively. Figures show that using reactive power support and tap position control, we obtained better maximum node voltages, hence, better PV hosting capacity with single PV injection node.
B. Case B: Two PV Injection Nodes
Case B investigates the impact of two PV injection nodes on the hosting capacities. As can be seen from Fig. 7 , the first region for Scenario-1 for this set of simulation is almost the similar compared to first scenario in Case A. The PV hosting capacity increased to 560 kW (from 360 kW) and 800 kW (from 600 kW) for Scenario-2 and -3, respectively, compared to similar scenarios in Case A. The starting value of the region in which over voltage problem occurs increased to 2,140 kW from 1,720 kW. We didn't observe this region for Scenario-2 and -3 (with the simulation range of 2,500 kW of PVs). For this case, the average maximum node voltages of 1.1033, 1.0522, and 1.0330 p.u. for Scenario-1, -2, and -3 are obtained. Compared to the case with single PV injection node, better voltage magnitudes are obtained in all Scenarios.
C. Case C: Five PV Injection Nodes Fig. 8 shows maximum voltage magnitudes in the system with varying PV power injection at five random nodes. Compared to the previous cases, we observed noticeable changes in the PV hosting capacity. The maximum total power outputs of PVs that the system can withstand with no overvoltage issues increased significantly to 840, 920 and 1,360 kW for Scenario-1, -2 and -3, respectively. For all scenarios, the second regions start at these values and we observed some nodes having overvoltage issues upto 2,500 kW injection. Since we restricted our simulation upto 2,500 kW PV injection in total in all cases, we didn't observe the region where the simulation results always cause overvoltage problems irrespective of injection nodes. Again, we observed drops in the average maximum node voltages for all scenarios. This case studies provided average maximum node voltages of 1.0454, 1.0377, and 1.0152 p.u. for Scenario-1, -2, and -3, respectively. 
D. Case D: Ten PV Injection Nodes
As the number of PV injection node increases, the total maximum PV injection that the system can withstand continues to increase. This is what we observed by increasing the injection nodes to ten. As shown in Fig. 9 , the first region's PV injection limit increased to 1,200, 1,220 and 1,920 kW for Scenario-1, -2,and -3. Similar to the Case C, we didn't observe a region where overvoltage would occur irrespective of PV injection node upto 2,500 kW. The second regions for all the scenarios start after 2,500 kW.
This case provided the best average maximum voltage magnitudes for all scenarios. The average maximum voltage magnitudes are 1.0369, 1.0297, and 1.0073 p.u. for Scenario-1, -2, and -3, respectively. Thus, we can infer that with more PV injection nodes, PV hosting capacity of the feeders will be improved. Also one can see that the best mean of the maximum voltage magnitudes are obtained for Scenario-3 for all cases. Also the best mean maximum voltage magnitude is obtained for Case D, and Scenario-3. From here, we can say that as the number of the PV injection nodes increase better PV hosting capacity is obtained. The PV hosting capacity is further improved by utilizing the reactive power support from PVs and by controlling LTC positions of the regulators. This is demonstrated by the significant improvements in mean of maximum voltage from Scenario-1 to Scenario-3 in all the cases. The proposed method provides a systematic approach to compute PV hosting capacity of distribution grids, which significantly helps DSOs in resource planning. 
V. CONCLUSION
This paper developed a simulation based approach to determine the PV hosting capacity of power distribution systems with varying number of PV injection nodes by looking at the maximum voltage magnitudes. Three different scenarios were used: the first scenario assumed that PVs don't provide reactive power support to the system, whereas the second one considered reactive power support from PVs, the third scenario additionally used tap control. The presented approach used daily minute by minute variations on the PV output power and load profiles to build realistic cases. By systematically increasing the total PV power outputs, effect of the number of PVs on the hosting capacity was analyzed. Simulations were carried out using the IEEE 123-node distribution test feeder. The simulation results show that by increasing the number of PV injection nodes, using reactive power support and, by changing the regulator tap position, the PV hosting capacity can be significantly improved. Hence, we conclude that instead of integrating a single PV with higher PV rating, integration of several PVs with the smaller capacity yields increased penetration of PV on to the distribution feeders. We have shown in this paper that this might be further improved by using reactive power support from PVs and changing the tap positions of the regulators.
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